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Renal sodium reabsorption is a key determinant of final urine
concentration. Our aim was to determine whether differences
existed between aged and young rats in their response to
water restriction with regard to the regulation of abundance
of any of the major distal renal sodium transporter proteins.
Male Fisher 344Brown Norway (F344BN) rats of
3-, 10-, 24-, or 31 months of age (3M, 10M, 24M, or 31M) were
either water restricted (WR) for 5 days or control (ad libitum
water). Major renal sodium transporters and channel
subunits were evaluated by immunoblotting and
immunohistochemistry. Age did not significantly affect
plasma arginine vasopressin or aldosterone levels, but renin
activity was only 8% in 31M-WR rats relative to 3M-WR
(Po0.05). Extreme aging (31M) led to decreased outer
medullary abundance of the bumetanide-sensitive Na–K–2Cl
cotransporter and decreased cortical abundance of the
b- and c-subunits (70-kDa band) of the epithelial sodium
channel (ENaC) (Po0.05). Water restriction significantly
(Po0.05) increased the abundance of Na–K–2Cl cotransporter
(NKCC2) and Na–Cl cotransporter (NCC) across ages.
However, these increases were significantly blunted as rats
aged. Mean band densities were increased in WR rats
(relative to age controls) by 54 and 106% at 3M, but only 25
and 29% at 24M and 0 and 6% at 31M for NKCC2 and NCC,
respectively. Aged F344BN rats have reduced basal distal
tubular renal sodium transporter abundances and blunted
upregulation during water restriction, which may contribute
to decreased urinary concentrating capacity.
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An age-related decline in urine concentrating ability,
resulting in polyuria and lower urinary osmolality, has been
extensively documented in experimental animals1–4 as well as
in elderly humans.5–8 Polyuria coupled to a decreased
sensation of thirst in response to dehydration make elderly
humans much more susceptible to developing life-threaten-
ing degrees of hyperosmolality and hypovolemia in response
to periods of dehydration. In addition, aging has been
associated with a decreased ability to dilute the urine,
potentially resulting in hyponatremia.6,7,9,10
Both the vasopressin and renin–angiotensin–aldosterone
systems play active roles in response to water restriction and
dehydration. Studies from our laboratory11 and several
others3,12,13 have shown that aged rats have an unchanged
arginine vasopressin (AVP) secretion and plasma concentra-
tions under basal conditions and under dehydration,
suggesting altered renal responsiveness to AVP with age. In
addition, renin activity has been reported to be either
decreased14 or not changed15 in the basal state in aged rats.
On the other hand, Brudieux et al.14 have demonstrated
exaggerated aldosterone secretion in response to low NaCl
diet in aged rats.
Dysregulation of renal collecting duct proteins is likely a
major determinant of the concentrating defect found in aging
humans and animals. Previous work from several
groups,1,11,13,16–18 including ourselves,11 has shown that the
kidney aquaporin-2 and/or aquaporin-3 abundance is
reduced in aged rats. The necessity for an increase in water
channel proteins with water restriction, especially in the
collecting duct to increase water reabsorption, seems
intuitive. However, increased sodium and urea reabsorption
in the medulla is also critical for the development of the
cortical–medullary interstitial gradient needed to concentrate
the urine. Combet et al.1,16 and others18 have shown a
decrease in the relative upregulation of renal urea transpor-
ters, that is, UTA-1 (collecting duct) and the UT-B
(descending vasa recta) in aged versus young rats in response
to water restriction or vasopressin administration.
In addition to urea, sodium reabsorption from the thick
ascending limb (TAL) and collecting duct system aids in the
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maintenance of a high corticomedullary gradient for water
reabsorption. Reduced AVP-dependent reabsorption of
sodium by the TAL of Henle’s loop has been demonstrated
in senescent mice.19 However, to our knowledge, it has not
been reported whether this corresponds to a decreased
expression of the major apical sodium transporter of the
TAL, the bumetanide-sensitive Na–K–2Cl cotransporter
(NKCC2 or BSC1). Perfused tubule studies clearly show an
increase in TAL sodium transport with vasopressin in young
rats20 and mice.21,22 Furthermore, in young rats, water
restriction or desmopressin (dDAVP) infusion, a V2-
receptor-selective analog of vasopressin, increases the abun-
dance of this protein.23 To determine whether this normal
regulation of NKCC2 by water restriction is disrupted in
aging rats is an aim of this paper.
In the collecting duct, vasopressin as well as aldosterone
elicits increased amiloride-sensitive sodium transport in
perfused collecting ducts.24–27 Furthermore, more recent in
vivo work has demonstrated that vasopressin or dDAVP
infusion, water restriction as well as aldosterone infusion or
low NaCl diet increased epithelial sodium channel (ENaC)
subunit protein abundances, although which subunits were
increased under each condition varied. Recently, we have28
shown that water restriction or dDAVP infusion increased the
renal abundances of the b- and g-subunits (85 kDa, major
band) of the ENaC in young rats. However, the a-subunit of
ENaC, while sensitive to aldosterone,29 does not appear to be
upregulated by vasopressin.28
Finally, although vasopressin has not been shown to
increase sodium transport in the distal convoluted tubule, per
se, this renal segment does apparently respond quite robustly
to aldosterone with increased activity30 and abundance of the
thiazide-sensitive Na–Cl cotransporter (NCC).31
In this report, we examine rats ranging from young (3
month (3M)) to quite old (31 month (31M)) with regard to
their ability to adapt to water restriction with expected
upregulation of the renal protein abundances of the major
distal tubular sodium transport proteins including NKCC2,
the thiazide-sensitive NCC (TSC), and the three subunits of
ENaC (a, b and g). The activity of these proteins
complements that of the water channels, and contributes to
the final urine concentrating capacity by allowing for the
development of the interstitial osmotic gradient necessary for
countercurrent multiplication.
RESULTS
General physiology
Table 1 and Figure 1 show general physiological parameters
measured from the rats in Study 2 (included the 31M-old
group). Similar data from rats in Study 1 were published
elsewhere.11 Basal water intakes, per kilogram body weight,
were significantly lower in the mature and aged rats relative
to the 3M-old rats (Table 1). This number was used to
calculate water restriction ration, as described above. As
expected, rats gained weight with age. Water restriction
resulted in a 7–15% reduction in final body weight, with the
largest reduction in the 3M-old rats. In Figure 1a, we plot
urine volumes in the rats undergoing water restriction for 5
days. Thirty-one-month-old rats had an overall diminished
ability to reduce urine volume (P¼ 0.03 for age, two-way
analysis of variance (ANOVA), age time). In addition, the
24M-old rats had a slower response time, achieving near
maximum urine reduction after 3 days, whereas the 3M- and
10M-old rats had achieved near this level by 2 days.
Urine osmolality of the water-restricted rats is shown in
Figure 1b. Thirty-one-month-old rats were the only age group
with no change in urine osmolality in the first day of water
restriction. Younger (3M and 10M) rats continued to increase
relative urine osmolality up to 3 days, whereas the older rats
plateaued at a relatively reduced level earlier. There was a
Table 1 | General physiologya
Treatment
Basal water intake
(ml/kg-bw/day)
Final body
weight (g)
Final day urine sodium
conc. (mmol/l)
Plasma creatinine
(lmol/l)
Fractional excretion of
sodium (%)b
3M-WR 8574 300711 181731 3174 0.1770.04
3M-C 8572 35577.7 14075.2 2877 0.4270.09
10M-WR 4872c 435723 17575.7 2873 0.1670.02d
10M-C 4773c 479712 14378.1 2974 0.5170.08
24M-WR 4277c 500762 121711.3 2773 0.1170.03
24M-C 3971c 569714 107711.4 1674 0.2270.03
31M-WR 3775c 522714 11979.4 2074 0.0970.02c
31M-C 4373c 56175 10675.6 1676 0.2870.11
Factors Results of two-way ANOVA for above parameters (P-values)
Age o0.001 o0.001 0.07 0.051 0.035
Hydration status 0.83 0.01 0.268 0.227 o0.001
Interaction 0.76 0.93 0.855 0.556 0.249
ANOVA=analysis of variance; C=control; M=month; WR=water restricted.
aMean7s.e.m, n=3/age/treatment.
bcalculated as (UNa Pcreat)/(Ucreat PNa).
csignificantly different from 3M-C by one-way ANOVA.
dsignificantly different from their same age controls by one-way ANOVA. Results of two-way ANOVA (in bold) – P-values significantly less than 0.05 (significant).
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significant difference between ages in urine osmolalities over the
course of the 5-day restriction (age time, Po0.001 for age).
Urine sodium concentration (Table 1) was not affected by
water restriction despite lower urine volumes. Aging also had
no effect on urine sodium concentrations. Fractional excretion
of sodium, however, was reduced by aging as well as by water
restriction. Plasma creatinine was measured as an index of
renal function. There were no significant differences between
ages and treatments. In fact, there was a trend for a slight
reduction in plasma creatinine in the 24M- and 31M-old rats.
Plasma sodium and hormones
Plasma sodium concentrations were slightly, but significantly
increased by water restriction and age (Table 2). However,
there was no interaction between these terms suggesting that
the aged rats did not have relatively impaired ability to
normalize plasma sodium levels during water restriction. In
fact, an increase in the ‘control’ rats at 24M and 31M of age,
for plasma sodium concentrations, accounted for much of
the ‘aging effect’. Plasma vasopressin was increased by water
restriction and not affected by age. Plasma aldosterone was
not affected by either aging or water restriction, whereas
plasma renin activity was decreased by age, but not
significantly affected by water restriction.
Study 1: Immunoblotting
In Table 3, we provide a summary of the densitometry of the
specific bands for NKCC2, NCC and the ENaC subunits from
immunoblots carried out on the cortex homogenates from
animals in this study. Water restriction resulted in increased
band density for the bumetanide-sensitive NKCC2, the
thiazide-sensitive cotransporter (NCC) and the b-ENaC,
and both bands (85 and 70 kDa) associated with g-ENaC
in general, regardless of age. However, the increase in the
70-kDa band associated with g-ENaC (aldosterone sensitive)
was not apparent in the 24M-old water-restricted rats and the
increase in NKCC2 was blunted.
Study 2: Immunoblotting
In Figure 2a and b, we show immunoblotting results for
NKCC2 in cortex and outer medullary homogenates,
Table 2 | Plasma sodium and hormonesa
Treatment
Plasma sodium
(mmol/l)
Plasma vasopressin
(pmol/l)
Plasma aldosterone
(nmol/l)
Plasma renin activity
(ng/ml/h)b
3M-WR 14570.5 5.972.4 0.7070.44 17.475.7
3M-C 14070.8 2.870.2 0.1870.07 7.572.1
10M-WR 14671.1 6.270.6 0.2870.19 8.172.5
10M-C 14171.3 4.871.1 0.2870.13 8.270.8
24M-WR 15273c,d 6.870.1 0.3070.14 0.870.2
24M-C 14571.6 3.670.6 0.4570.14 1.170.8
31M-WR 14671.5 6.671.8 0.4970.05 1.470.5
31M-C 14470.2 4.472.2 1.0270.40 0.470.2
Factors Results of two-way ANOVA for above parameters (P-values)
Age 0.003 0.823 0.259 o0.001
Hydration status o0.001 0.025 0.801 0.134
Interaction 0.428 0.918 0.217 0.136
ANOVA=analysis of variance; C=control; M=month; WR=water restricted.
aMean7s.e.m., n=3.
bGenerated angiotensin I.
cSignificantly different from 3M-C by one-way ANOVA.
dSignificantly different from their same age controls by one-way ANOVA. Results of two-way ANOVA (in bold) – P-values significantly less than 0.05 (significant).
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Figure 1 | Effect of age on water concentration in response to
water restriction. (a) Mean daily urine volumes and (b) osmolalities
in the water-restricted rats at 3M, 10M, 24M, and 31M of age (n¼ 3/
age). Thirty-one-month-old rats had an overall diminished ability to
reduce urine volume and did not increase osmolality above baseline
in the first day. Twenty-four-month-old rats were a bit temporally
delayed in their reduction in urine volume and plateaued at a redu-
ced urine osmolality. There was a significant effect (P¼ 0.03 and Po0.001)
of age on urine volume and urine osmolality, respectively, over time.
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respectively, for animals in this study. A summary of mean
band densities and statistics are shown below the representa-
tive blot. NKCC2 in the outer medulla was reduced in overall
abundance as rats aged and the response to water restriction
was markedly blunted.
In Figure 3, we show immunoblotting results for NCC in
whole kidney (3A) and cortex (3B). In contrast to NKCC2,
NCC abundance was not reduced by age. Instead, basal levels
of this protein were increased in abundance, especially in the
very old (31M) rats. Water restriction resulted in a fairly
marked increase in the abundance of this protein in the
young and mature rats (3–24M), but did not further increase
this protein in the older (31M) rats. In addition, immuno-
peroxidase labeling of the renal cortex (near the juncture of
the outer medulla) (Figure 4) suggested relative upregulation
of NCC and downregulation of NKCC2 protein levels in aged
versus young control rats in Study 3.
Figure 5 displays immunblotting of cortex and outer and
inner medullary homogenates probed with our anti-a-ENaC
antibody. a-ENaC abundance was not affected by age or
water restriction. Figure 6 displays similar blotting results
using our b-ENaC antibody. b-ENaC was modestly increased
by water restriction and decreased by age in the cortex
homogenates (Figure 6a; two-way ANOVA, P¼ 0.02 for
hydration status and o0.001 for age). No significant
differences were found for outer or inner medullary
homogenates. In Figure 7, we show immunoblotting of these
same homogenates probed with our anti-g-ENaC antibody.
Two-way ANOVA, showed that similar to Study 1,
water restriction increased the abundance of both bands
in the cortex homogenates; however, this effect was
blunted or absent as the rats aged (significant interactive
term in the two-way ANOVA). In fact, the 85-kDa band
was only increased by water restriction in the 3M-old
rats. Furthermore, basal abundance of g-ENaC 70-kDa band
was decreased with aging. Similar to b-ENaC, there was no
effect of water restriction or age on band density for either
band of g-ENaC for the outer and inner medullary
homogenates.
Table 3 | Study 1: cortex homogenate immunoblotting densitometry summary (% of 3M-C meana)
Treatment NKCC2 NCC a-EnaC b-ENaC c-ENaC (85 kDa) c-ENaC (70 kDa)
3M-WR 172714 125713 8677 11371 163712b,c 15877
3M-C 100725 10072 10073 10075 10075 10075
10M-WR 175729 12672 7277b 9176 137710c 171725
10M-C 157715 10779 7874 9077 92713 101717
24M-WR 137734 142710 9175 11471 17378b,c 108714
24M-C 95724 111714 9373 9674 11074 124722
Factors Results of two-way ANOVA for above parameters (P-values)
Age 0.17 0.50 0.006 0.007 0.036 0.50
Hydration status 0.048 0.023 0.09 0.016 o0.001 0.017
Interaction 0.56 0.88 0.51 0.20 0.54 0.046
ANOVA=analysis of variance; C=control; ENaC=epithelial sodium channel; M=month; NCC=Na–Cl cotransporter; WR=water restricted.
aMean7s.e.m., n=3.
bSignificantly different from 3M-C by one-way ANOVA.
cSignificantly different from their same age controls by one-way ANOVA. Results of two-way ANOVA (in bold) – P-values significantly less than 0.05 (significant).
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Figure 2 | Immunoblotting for the bumetanide-sensitive Na–K–2Cl
cotransporter (NKCC2). (a) Immunoblot and bar graph summary of
densitometry for cortex homogenates. (b) Immunoblot and bar
graph summary of densitometry for outer medullary homogenates.
An equal amount of a different rat’s total protein was loaded in each
lane (n¼ 3/age/treatment). Coomassie-stained loading gels con-
firmed equality of loading. *A significant difference (Po0.05) from
the 3M-C mean and ta significant difference between control and
water-restricted groups within that age group by one-way ANOVA
followed by Tukey’s multiple comparisons test. NKCC2 abundance
decreased with age in the outer medulla, and the 3M-old rats were
the most sensitive to water restriction with regard to increasing
NKCC2 abundance.
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DISCUSSION
Fisher 344Brown Norway (F344BN) F1 hybrid rats are a
highly suitable strain for investigating reduction of function
associated with extreme aging, in particular, in the kidney,
due to their low degree of age-related glomerulopathy and
nephropathy,35,36 common in other rat strains at much
earlier ages. This was particularly evident in this study, as
there was only a modest reduction in concentrating capacity
as the rats aged (Figure 1). This confirmed our previous
findings in a separate set of animals.11
Although there is necessarily separation of the regulation
of water from sodium balance in the kidney, many hormones
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Figure 3 | Immunoblotting for the thiazide-sensitive Na–Cl
cotransporter (NCC). (a) Immunoblot and bar graph summary of
densitometry for whole kidney homogenates. (b) Immunoblot and
bar graph summary of densitometry for cortex homogenates. An
equal amount of a different rat’s total protein was loaded in each lane
(n¼ 3/age/treatment). Coomassie-stained loading gels confirmed
equality of loading. *A significant difference (Po0.05) from the 3M-C
mean and ta significant difference between control and water-
restricted groups within that age group by one-way ANOVA followed
by Tukey’s multiple comparisons test. Younger rats were more
sensitive to water restriction. Older rats had higher basal levels
of NCC.
NCC
NKCC2
3M-C 24M-C
Figure 4 | Immunoperoxidase labeling of NCC (top panels) and
NKCC2 (bottom panels) in kidney cortex (near medullary
boundary) of the 3M- (left) and 24M-old (right) control rats.
Staining was specific for distal convoluted tubule cells with the NCC
antibody and for thick ascending limb with the NKCC2 antibody.
Immunohistochemistry confirmed a relative increase in intensity of
staining in the older rats for NCC and a relative decrease in staining
for NKCC2.
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Figure 5 | Immunoblotting of the (a) cortex and (b) outer and (c)
inner medulla for the a-subunit of the epithelial sodium channel
(ENaC) in control or water-restricted rats of various ages.
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play a role in the maintenance of both, including vasopressin
and aldosterone. In this study, as in the previous,11 we saw an
increase in plasma vasopressin levels with water restriction,
but no significant differences were apparent due to age.
Plasma aldosterone levels were not significantly affected by
either water restriction or aging. This is in contrast to Eim-
Ong and Sabatini,37 who found a 35% reduced plasma aldo-
sterone level in 30M- versus 4M-old F344BN rats.
However, in the aged rats, renin activity was markedly
suppressed in the control rats and did not respond to water
restriction. It is not clear whether this suppression was physio-
logical owing to a reduced need to reabsorb as great a
percentage of filtered load of sodium with age in the mature
animals, or whether this reduced basal activity was
pathologic. It is possible that the decrease in renin activity
in the aged rats was a response to increased sodium load to
the macula densa cells as a result of decreased TAL
reabsorption. This is supported by our finding of decreased
NKCC2 abundance in the older rats. Brudieux et al.14 found
similarly decreased renin activity in aged rats in the basal
state. On the other hand, Baylis et al.15 found no differences
in basal renin activity between young and old rats, which they
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Figure 6 | Immunoblotting of the (a) cortex and (b) outer and
(c) inner medulla for the b-subunit of the epithelial sodium
channel (ENaC) in control or water-restricted rats of various ages.
*Significant difference (Po0.05) from the 3M-C mean by one-way
ANOVA.
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Figure 7 | Immunoblotting of the (a) cortex and (b) outer and
(c) inner medulla for the c-subunit of the epithelial sodium
channel (ENaC) in control or water-restricted rats of various ages.
*Significant difference (Po0.05) from the 3M-C mean by one-way
ANOVA.
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attributed to the fact that the blood was collected under truly
low-stress conditions (chronic catheterization). Nevertheless,
in their study they did find that 18M- to 20M-old rats had a
blunted increase in renin activity in response to acute
inhibition of angiotensin-converting enzyme.
The very prominent apparent sensitivity of the TAL, that
is, NKCC2 expression, to aging may result from the normal
high bioenergetic capacity of these cells. Brezis et al.38 have
demonstrated a greater sensitivity of the medullary TAL to
anoxic damage, which they proposed to be the result of the
superimposition of a low O2 supply (in the medulla) and the
high rate of metabolism due to active sodium reabsorption. If
renal perfusion is somewhat limited with age, the medullary
TAL will be the first to suffer negative consequences, perhaps,
such as downregulation of NKCC2. Chaudhry et al.39 have
shown a delayed natriuretic response to furosemide in elderly
humans relative to younger counterparts, which they
attributed to reduced nephron numbers, although blunted
NKCC2 activity may have played a role.
In contrast to NKCC2, the thiazide-sensitive NCC was
increased in the basal state and not responsive to water
restriction in the aged rats. The increase in NCC in the basal
state in aged rats might be reflective of the increased sodium
load to the distal convoluted tubules cells due to decreased
reabsorption in the TAL. Increased distal delivery of sodium
has been shown to increase transporting capacity of the distal
convoluted tubule cells.40
With regard to water restriction, work by Kim et al.23 did
not show an increase in NCC with either water restriction or
dDAVP infusion in young rats. The reason for the
discrepancy between the current study and the earlier one
is not clear. First, there might be a difference in the two
strains, that is, Sprague–Dawley versus F344BN in how
they respond to water restriction with regard to changes in
NCC abundances. Second, in the previous publication,23
male Sprague–Dawley rats were water restricted for 5 days as
well; however, water-restricted rats were givenB75 ml water/
kg-bw/day, whereas controls receivedB185 ml/kg-bw/day. In
the current study, water-restricted rats received in the range
of 10–20 ml water/kg-bw/day, and control rats were offered
water ad libitum, of which they consumed 40–85 ml/kg-bw/
day (Table 1). Thus, it is likely that our rats were more
severely water restricted. Therefore, it is possible that
increased aldosterone activity increased NCC in these rats.
Aldosterone infusion or low-NaCl diets will markedly
increase the renal abundance of NCC.31 However, we did
not observe any significant effect of the water restriction on
plasma aldosterone levels measured at the end of the study.
Nevertheless, mean plasma renin activity in the 31M-old rats
was only 8% of that of the 3M-old rats in the water-restricted
state (Table 2), suggesting some reduced activity of the
renin–angiotensin–aldosterone axis.
Finally, aging had rather modest effects on the renal
abundances of the three subunits of the ENaC. a-ENaC
abundance was not significantly affected by either aging or
water restriction. Regarding the effects of water restriction,
this confirms our previous work in younger rats28 and might
argue against an increase in aldosterone activity in the water-
restricted rats in this study, since aldosterone is a strong upr-
egulator of the abundance of this subunit.29 The b-subunit of
ENaC was modestly increased with water restriction. This is
also basically in agreement, although slightly less apparent
than what we observed in our previous study,28 which
showed a significant 189% increase in the whole kidney
of young, water-restricted Sprague–Dawley rats. Nevertheless,
there was a significant decrease in the basal and water restricted
abundances of b-ENaC in the cortex of the 31M-old rats,
relative to the 3M-old control rats.
Finally, the upper, major band (85 kDa) for g-ENaC was
significantly increased by water restriction in the cortex of
only the 3M-old rats, illustrating a blunting of this response
in the older rats. An increase in this band, similar to b-ENaC,
has been previously observed in young, water-restricted rats
and with dDAVP infusion.28 Finally, the lower diffuse
(B70 kDa) band(s) associated with g-ENaC was decreased
by age, regardless of water restriction; this band region is
strongly increased by aldosterone.29
Taken together, these findings show a general pattern of a
blunting in the upregulation of sodium transport proteins in
response to water restriction in aged rats. This seemed to be
particularly apparent with regard to those proteins regulated
by vasopressin, for example, NKCC2.21,23 This might result
from decreased abundance and/or activity of the vasopressin
V2 receptor in these rats. Previously, we11 showed a 50% de-
creased mRNA expression level of the V2 receptor in 24M-old
rats relative to 3M-old rats. Furthermore, Beck et al.41 have
shown decreased vasopressin-sensitive cyclic AMP formation
in papillary slices obtained from the kidneys of 24M-old F344
rats. Future studies in our laboratory are aimed at determining
binding characteristics and protein abundance of the receptor
in young versus old rats.
These maladaptive changes are important to consider,
given our rapidly aging population, especially in the United
States and in several western European countries. Dehydra-
tion and hyponatremia, although not usually fatal, can clearly
affect quality of life in the elderly. Thus, understanding cell-
ular mechanisms in the kidney underlying these disturbances
is clearly central to our ability to treat and prevent these
disorders.
MATERIALS AND METHODS
Animals and study design
The male F344BN F1 hybrid rats were obtained from the National
Institute of Aging (NIA). The rats were fed with NIH-31/NIA-
Fortified Diet while maturing at the NIA and were switched to a
similar standard laboratory rodent chow (1% NaCl, No. 5001 diet,
LabDiet; Purina Mills, St Louis, MO, USA) when brought to
Georgetown University. All animals were housed in the animal care
facility on a 12-h light–dark cycle. Georgetown is an AAALAC
(American Association for Accreditation of Laboratory Animal
Care) accredited facility.
In the first study, rats aged 3M, 10M or 24M were divided into
two groups (n¼ 3/treatment/age): (1) control and (2) water
310 Kidney International (2006) 69, 304–312
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restricted. Control rats were given water ad libitum, whereas the
‘water-restricted’ rats were given only 25% of their predetermined
basal water intake for 5 days. All rats were given free access to the
above-mentioned pelleted rat chow. The rats were maintained in
metabolic cages to enable daily collection of urine. Body weight and
water intakes were measured daily.
The second study was the same study design except that an
additional group of rats aged 31M was included (n¼ 3/age/
treatment). In the third study, the left kidney from control
(nonwater-restricted) rats aged 3M, 10M and 24M were harvested
and fixed for immunohistochemical analysis.
Sample collection
Rats were killed by decapitation followed by exsanguinations. Trunk
blood was collected. The kidneys were rapidly removed, rinsed with
ice-cold phosphate-buffered saline buffer and frozen to 801C until
preparation.
Plasma and urine analyses
Aldosterone, AVP and renin activity were analyzed by RIA as
described previously.32,33 Urine and plasma osmolality were
measured using freezing point depression (Model 3900 osmometer;
Advanced Instruments Inc., Norwood, MA, USA). Sodium concen-
trations were measured with an ion-specific electrode system
(Electrolyte System Analyzer EL-ISE; Beckman Diagnostic Systems
Group, Brea, CA, USA). Creatinine was determined by the Jaffe rate
method (Creatinine Analyzer 2; Beckman Diagnostic Systems Group,
Brea, CA, USA).
Immunoblotting
In Study 1, the right kidney was thawed, dissected into inner
medulla, inner stripe of the outer medulla and cortex. Homogenates
were prepared and diluted as described previously.28 In Study 2,
each region from the right kidney was prepared separately for
immunoblotting as well as the whole left kidney. Protein
concentrations were determined using a BCA Protein Reagent kit
(Pierce, Rockford, IL, USA). Initially, 5 mg of protein from each of
the samples was loaded on 12% sodium dodecyl sulfate-polyacry-
lamide gels (Precast; BioRad, Hercules, CA, USA) and electrophor-
esed. These gels were stained with Coomassie Brilliant Blue (G250;
BioRad) to assess the quality of protein bands and the precision of
the protein determinations. For immunoblotting, an equal amount
of total protein was loaded in each lane and electrophoresis was
carried out on precast minigels of 10% polyacrylamide for a- b- and
g-ENaC, and 7.5% polyacrylamide for NKCC2 and NCC. The
secondary antibody was goat anti-rabbit IgG conjugated to horse-
radish peroxidase (Kirkegaard & Perry Labs, Gaithersburg, MD,
USA) and used at a concentration of 0.10mg/ml. Antibodies against
NCC, a- b-, and g-ENaC were our own affinity-purified, peptide-
derived polyclonal antibodies produced against previously described
specific, antigenic sequences29,31 and used previously.33,34 The
NKCC2 antibody is a new polyclonal preparation raised in rabbit
against a synthetic peptide corresponding to amino acids 33–55 of
the rat cotransporter as described previously.23
Immunohistochemistry
The left kidneys from rats in Study 3 (n¼ 3/age) were fixed in 2%
paraformaldehyde. Fixed kidneys were imbedded in paraffin and
5 mm sections were mounted on slides. Fixed sections were subjected
to heat-induced antigen retrieval using citrate buffer pH 6 (Zymed
Laboratories, South San Francisco, CA, USA). Envisionþ System
(DakoCytomation Inc., Carpinteria, CA, USA) was used to conduct
immunohistochemistry. Primary antibodies were the same as
described above. A positive reaction was identified as a brown stain
in the cytoplasm or a dark brown/black nuclear stain as a result of
superimposition of the diaminobenzidine reaction and the blue
counterstain.
Statistics
Data were analyzed by two-way ANOVA (age hydration status) or
(age time, for data collected over the five days). Also, we used one-
way ANOVA (Sigma Stat, Chicago, IL, USA) to distinguish between
individual means. When a significant P-value (o0.05) was obtained
by one-way ANOVA, it was followed by a multiple comparisons test,
usually Tukey’s, unless data were not normally distributed. In this
case, a Kruskal–Wallis one-way ANOVA was carried out on ranks
followed by Dunn’s multiple comparisons test.
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